Abstract: Suspensions of maltose-grown cells of the hyperthermophilic archaeon Pyrococcus furiosus, when incubated at 90°C with 35 mM [1-13C]glucose or [3-13C]glucose, consumed glucose at a rate of about 10 nmol min -1 (mg protein) -1. Acetate (10 raM), alanine (3 raM), CO/ and H 2 were the fermentation products. The i3C-labelling pattern in alanine and acetate were analyzed. With [1-13C]glucose the methyl group of both alanine and acetate was labelled; with [3-13C]glucose only the carboxyl group of alanine was labelled whereas acetate was unlabelled. Extracts of maltose-grown cells contained glucose isomerase (12.8 U mg 1, 100°C), ketohexokinase (0.23 U mg -l, 100°C), and fructose 1-phosphate aldolase (0.06 U mg-1, 100oc). Enzymes catalyzing the formation of fructose 1,6-bisphosphate from fructose 1-phosphate or fructose 6-phosphate could not be detected. As published previously by our group and other authors P. furiosus also contains enzymes of glyceraldehyde conversion to 2-phosphoglycerate according to a non-phosphorylated Entner-Doudoroff pathway, of dihydroxyacetone phosphate conversion to 2-phosphoglycerate according to the Embden-Meyerhof pathway, and of 2-phosphoglycerate conversion -via pyruvate -to acetate and alanine. Based on the enzyme activities in P. furiosus, the following pathway for glucose degradation to alanine and acetate in cell suspensions is proposed which can explain the [13C]glucose labelling data: glucose ~ fructose ~ fructose 1-phosphate ~ dihydroxyacetone phosphate + glyceraldehyde and further conversion of both trioses to alanine and acetate via pyruvate.
Introduction
The hyperthermophilic archaeon Pyrococcus furiosus can grow on maltose, cellobiose and 108 Since in cell extracts all enzymes, except gluconate dehydratase, of a modified non-phosphorylated Entner-Doudoroff pathway were detected, this pathway has been proposed to be operative in sugar degradation to pyruvate [3] .
Furthermore, P. furiosus contains all reversible enzymes of the Embden-Meyerhof pathway, which have been implicated in gluconeogenesis, e.g. during growth on pyruvate [6] . In this communication we studied the sugar fermentation pathway in P. furiosus by 13C-NMR technique [8] .
Specifically labelled [13C]glucose was used to follow the metabolic fate of 13C-label in the fermentation products. The experiments were performed with cell suspensions since glucose does not serve as growth substrate of P. furiosus [3] . We found that the ~3C-labelling patterns in the fermentation products acetate and alanine were not in accordance with the operation of a EntnerDoudoroff pathway. Based on enzyme activities detected in cell extracts we propose a novel glycolytic pathway of glucose fermentation in cell suspensions of P. furiosus, involving reactions of both the Embden-Meyerhof pathway and the non-phosphorylated Entner-Doudoroff pathway, which explains the 13C-labelling patterns.
Materials and Methods

Source of material
Chemicals used were reagent grade and obtained from E. Merck (Darmstadt, FRG 
Cell suspension experiments
Pyrococcus furiosus was grown at 90°C with 5 mM maltose as carbon and energy source in an open fermenter system as described earlier [2, 3] . Cell suspensions were performed under strictly anaerobic conditions [2, 3] . Late log-phase cells were harvested, washed twice with 20 mM Tris. 
NMR analysis of endproducts
Spectra were acquired in a Bruker AMX500 spectrometer operating at 125.77 MHz for carbon-13 and 500.13 MHz for protons. 13C-NMR spectra were acquired by using a 10-mm quadruple nuclei probe head with the following parameters: spectral width, 38 kHz; data size, 128K; repetition delay, 62 s; pulse width, 12 /xs (corresponding to 70 ° flip angle). Chemical shifts are referenced to external methanol at 49.3 ppm. Proton broadband decoupling was applied for 1.6 s during acquisition time by using the WALTZ sequence. 1H_NMR spectra were acquired with a 5-mm probe head with water presaturation and the following parameters: spectral width, 5 kHz; data size, 64K; repetition delay, 17 s; flip angle, 60°C. These conditions ensured full relaxation of the resonances arising from fermentation products in both types of spectra.
Preparation of cell extracts
Cell extracts were prepared under strictly anaerobic conditions as described [3] . Late log cells grown on maltose were disrupted by sonication and after centrifugation (18000 ×g for 20 min) the extract was depleted of salts and low molecular compounds by gel filtration Sephadex G-25. on 
Determination of enzyme activities
Enzyme assays were performed anaerobically in glass cuvettes filled with 1 ml assay mixture (protein concentration 0.5-3 mg protein) as described earlier [3] .
Fructose 1-phosphate aldolase activity was measured by following the fructose 1-phosphate (F-1-P)-dependent formation of both products, dihydroxyacetone phosphate (DHAP) and glyceraldehyde. DHAP formation was measured at 50°C by following NADH oxidation via glycerol 3-phosphate dehydrogenase. Assay mixture: 5 mM F-l-P, 0.3 mM NADH, 8.5 U glycerol 3-phosphate dehydrogenase. Glyceraldehyde formation was measured at 80°C by following benzylviologen reduction via endogenous glyceraldehyde:benzylviologen oxidoreductase present in cell extracts. Assay mixture: 5 mM F-l-P, 5 mM benzylviologen.
Fructose 6-phosphate aldolase activity was measured by following fructose 6-phosphate (F-6-P)-dependent dihydroxyacetone formation via glycerol dehydrogenase.
Fructose kinase activity was determined at 55°C by coupling fructose dependent ADP formation from ATP to the oxidation of NADH via pyruvate kinase (PK) and lactate dehydrogenase (LDH). Assay mixture: 5 mM fructose, 2 mM ATP, 5 mM phospho-enolpyruvate, 0.3 mM NADH, 10 mM MgC12, 27 U LDH, 4 U PK. This test does not discriminate between the formation of F-1-P and F-6-P.
Hexokinase, fructose 1-phosphate kinase or fructose 6-phosphate kinase were tested using the same assays except that fructose was replaced by 10 mM glucose, 5 mM F-1-P or 5 mM F-6-P, respectively.
Fructose 1-phosphate kinase activity and fructose 6-phosphate kinase activity either dependent on ATP or pyrophosphate were also tested as described previously [9, 10] .
Analytical procedures
Acetate and alanine were determined enzymatically [11, 12] . Glucose was determined according to Kunst et al. [13] . Protein was determined 109 with the Biuret method using bovine serum albumin as standard.
Results
[13C]glucose fermentation to acetate and alanine in cell suspensions of Pyrococcus furiosus
Cell suspensions were incubated at 95°C in closed serum bottles containing 35 mM glucose, either 1-13C-labelled, 3-t3C-labelled or unlabelled. The cells consumed glucose at a rate of about 10 nmol min-1 (mg protein)-1 over a period of 2 h and acetate (10.7 mM), alanine (3.5 mM), H 2 and CO 2 (not quantified) were formed as fermentation products. The 13C-labelling pattern in alanine and acetate formed after fermentation of 13C-labelled glucose was determined from ~3C-and ~H-NMR spectra of the supernatants obtained by centrifugation of the assay mixtures. The ~3C-spectra in Fig. 1 show that after fermentation of [1-~3C] glucose the label ended on the methyl groups of acetate and alanine (resonances at 16.5 and 2.7 ppm, respectively, in spectrum A), whereas the label was found only on the carboxylate group of alanine (resonance a 176.2 ppm in spectrum B) when [3-~3C] glucose was supplied. In this latter spectrum the two equal intensity resonances at 2.7 and 181.9 ppm are due to natural abundance ~3C in acetate. These conclusions are further supported by ~H-spectra of the same supernatants, shown in Fig. 2 . The resonance patterns due to methyl groups of acetate and alanine are highlighted. In each pattern, the central resonance (singlet for acetate at 1.9 ppm and doublet for alanine a 1.5 ppm) is due to the fully unlabelled compounds; in spectrum A of Fig. 2 , the two lateral resonances with equal intensity and separated by approx. 0.43 ppm (j13C-1H = 130 Hz) are due to isotopomers of alanine or acetate in which only the methyl group is labelled; finally, the central multiplet in the alanine pattern (spectrum B in Fig. 2 ), split by a small coupling constant of 4 Hz is due to the isotopomer of alanine with label only on the carboxylate carbon. This multiplet is definitely absent in spectrum A (Fig.  2) which shows that no alanine with label on the carboxylate is produced from [1-13C]glucose under the experimental conditions used.
The labelling patterns in various experiments were the same independent of the acetate/ alanine ratio, which varied between about 5:1 and 1 : 1 at different gassing conditions.
Enzyme studies
The ~3C-labelling found in acetate and alanine suggests that glucose was fermented by cell suspensions via an Embden-Meyerhof pathway type of glycolysis rather than via the Entner-Doudoroff pathway. The 'classical' Embden-Meyerhof pathway appears not to be operative: we could not detect hexokinase activity and enzyme activities catalyzing the formation of fructose 1,6-bisphosphate (FBP) from hexoses. Neither a fructose 1-phosphate (F-l-P) kinase nor a fructose 6-phosphate (F-6-P) kinase tested with either ATP or pyrophosphate (PPi) as phosporyl donor could be detected in cell extracts. Cell extracts of Thermoproteus tenax served as a positive control for PPi-dependent F-6-P kinase (0.05 U mg -~ at 55°C) [8] . These findings suggest that glucose degradation to pyruvate does not proceed via FBP.
We found ketohexokinase activity and fructose 1-phosphate aldolase activity, which in combination with previously published enzymes can explain the ~3C-labelling patterns by a glycolytic pathway involving reactions of both the EmbdenMeyerhof pathway and the non-phosphorylated Entner-Doudoroff pathway.
Ketohexokinase (fructose kinase)
Cell extracts catalyzed the fructose-dependent ADP formation from ATP at a rate of 9.2 mU mg -1 (at 55°C) (= 225 mU mg -1 at 100°C, assuming a Ql0 = 2). The apparent K m values were 0.75 mM for fructose and 0.09 mM for ATP, respectively. F-1-P rather than F-6-P is probably the reaction product since cell extracts contain F-1-P aldolase activity (rather then F-6-P aldolase activity) to be involved in subsequent aldol cleavage (see below). Thus, the data suggest the presence of a ketohexokinase activity (ATP:fructose 1-phosphotransferase, EC 2.7.1.3) in P. furiosus.
Fructose 1-phosphate aldolase activity
Cell extracts contained F-1-P aldolase activity catalyzing cleavage of F-1-P to dihydroxyacetone phosphate (DHAP) and glyceraldehyde. The rate of DHAP formation was 1.9 mU mg -1 at 50°C e.. (= 60 mU mg-1 at 100°C). The apparent K m for F-1-P was 1.5 mM. The rate of glyceraldehyde formation was 9 mU mg -1 at 88°C (= 20 mU mg -1 at 100°C). KCI and MgC12 (5-25 mM each) did not affect enzyme activity. The temperature dependence of enzyme activity is shown in Fig. 3 . From the linear Arrhenius plot between 40°C and 80°C a Ql0 value of 2.0 and an activation energy of 59 kJ mol-1 were calculated.
Discussion
It has recently been shown that growing cultures of P. furiosus ferment maltose to acetate, alanine, CO 2 and H 2. Since most enzymes of the non-phosphorylated Entner-Doudoroff pathway were detected in cell extracts [3] , including glucose:ferredoxin oxidoreductase [3, 14] and 2-keto-3-deoxy-gluconate (KDG) aldolase, it has been proposed that this pathway is involved in maltose degradation via glucose to pyruvate. Molar growth yields of about 40-50 g cell dry mass mol -t of maltose indicated an ATP yield of 4-5 mol mol -1 maltose assuming YATP to be about 10 g cell dry mass mol -~. Since up to 4 mol acetate were formed it was concluded that almost all ATP formed in this fermentation was synthesized during acetate formation from acetyl-CoA catalyzed by acetyl-CoA synthetase [3, 5] . Accordingly, glucose conversion to pyruvate was not coupled with energy conservation, which would support with the operation of the non-phosphorylated EntnerDoudoroff pathway. The laC-labelling patterns obtained after glucose fermentation in resting cell suspensions are not in accordance with the operation of the nonphosphorylated Entner-Doudoroff pathway. In such a case fermentation of [1-13C] glucose should result in labelling of the carboxylate group of alanine, whereas fermentation of [3-13C] glucose should result in labelling of the methyl groups of both alanine and acetate. Both labelling patterns were not observed. Instead it was found that with [1-13C] glucose only the methyl groups of alanine and acetate were labelled, whereas with [3-lac] glucose only the carboxylate group of alanine was labelled and acetate was unlabelled. These labelling pattern indicate the operation of an Embden-Meyerhof pathway type of glycolysis. Since neither hexokinase nor ATP-or PPi-dependent kinases forming fructose 1,6-bisphosphate could be detected the 'classical' EmbdenMeyerhof pathway appears not to be operative in glucose fermentation.
From the enzyme activities found in cell extracts of P. furiosus either described here or in previous publications [2] [3] [4] [5] [6] 14] , we propose the following pathway of glucose fermentation in cell suspensions, which can explain the ~3C-labelling patterns (Fig. 4) : assuming that free glucose is metabolized within the cells, it can be converted to dihydroxyacetone phosphate and glyceraldehyde via the activity of glucose isomerase [3] , ketohexokinase (ATP : fructose 1-phosphotransferase) and fructose 1-phosphate (F-l-P) aldolase. So far, ketohexokinase activity has been demonstrated in prokaryotes only in halophilic archaea [15] . F-1-P aldolase activity found in cell extracts catalyzes F-1-P cleavage into DHAP and glyceraldehyde. P. furiosus also containes FBP aldolase activity, which has been implicated in gluconeogenesis [6] . F-1-P aldolase and FBP aldolase had about the same specific activities in P.
furiosus. It remains to be shown whether the two aldolytic activities are catalyzed by one or by two different enzymes. Eukaryotic aldolase B from liver is an example for the former possibility: it catalyzes both F-1-P and FBP cleavage at about the same specific activities [16] . F-1-P cleavage yields DHAP and glyceraldehyde. DHAP can be converted to 2-phosphoglycerate by the following enzymes of the EmbdenMeyerhof pathway which have been found in P.
furiosus [6] : triosephosphate isomerase, NADP ÷ reducing glyceraldehyde 3-phosphate dehydrogenase, 3-phosphoglycerate kinase, phosphoglycerate mutase. These enzymes have been implicated in gluconeogenesis during growth on pyruvate [6] but can catalyze, as reversible enzymes, DHAP conversion to 2-phosphoglycerate in glucose catabolism by cell suspensions.
Glyceraldehyde, the second product of F-1-P cleavage, can be converted to 2-phosphoglycerate by glyceraldehyde: ferredoxin oxidoreductase and glycerate kinase (2-phosphoglycerate forming), i.e. 
